Abstract: Histomorphologic prognostic biomarkers that can be measured using only an hematoxylin and eosin stain are very attractive because they are simple and cheap. We conceived an entirely novel biomarker of this type, the Breslow density (BD), which measures invasive melanoma cell density at the site where Breslow thickness (BT) is measured. This study assessed BD's prognostic value. In this study, BD was measured in 1329 melanoma patients. Measurement accuracy and precision was assessed using intraclass correlation coefficient (ICC). Survival was assessed with a primary end-point of melanoma-specific survival (MSS) and also overall survival and metastasis-free survival. We found that BD measurement was accurate compared with gold standard image analysis (ICC, 0.84). Precision was excellent for 3 observers with different experience (ICC, 0.93) and for an observer using only written instructions (ICC, 0.93). BD was a highly significant predictor in multivariable analysis for overall survival, MSS, and metastasis-free survival (each, P < 0.001) and it explained MSS better than BT, but BT and BD together had best explanatory capability. A BD cut point of ≥ 65% was trained in 970 melanomas and validated in 359. This cut point showed promise as a novel way to upstage melanoma from T stage "a" to "b." BD was combined with BT to create a targeted burden score. This was a validated as an adjunct to American Joint Committee on Cancer stage. In summary, BD can be measured accurately and precisely. It demonstrated independent prognostic value and explained MSS better than BT alone.
C utaneous malignant melanoma is diagnosed in > 15,400 people in the UK 1 and 76,000 in the United States. 2 In recent years there have been improvements in the care of advanced melanoma patients with immune checkpoint inhibitor and targeted drugs entering routine care 3 and studies now showing benefit with these same agents for adjuvant treatment. 4, 5 Underpinning all of this is accurate stratification of melanoma patients into risk groups for appropriate care.
The gold standard for risk stratification, up to January 2018, has been the American Joint Committee on Cancer (AJCC), version 7 staging system. 6 Staging continues to evolve, 7 reflecting the fact that the TNM system does not perfectly predict the outcome for individuals. The pursuit of new prognostic biomarkers is therefore paramount. It is hoped that prognostic biomarkers will emerge from the revolution in our understanding of melanoma's molecular pathology, 8 but it is easy to forget that there may be simple, cheap, rapid morphologic prognostic biomarkers hiding in plain sight on the very same hematoxylin and eosin (H&E)-stained sections used to diagnose melanoma. We recently described a biomarker of this type that we called Breslow density (BD), 9 which can be measured in seconds on the H&E section used for diagnosis and is virtually cost free. BD is an estimate of the percentage of dermis occupied by melanoma cells at the position where the Breslow thickness (BT) is measured, with the premise that of 2 prognostically equivalent melanomas the one with the greater BD will have a worse outcome. Because the BD is so simple to measure by a pathologist and requires no additional special equipment, it is particularly amenable to adoption into clinical practice and if it were verified as a bona fide prognostic feature, it would be worthy of prioritization for translation into practice.
The goal of the present study was to expand our proof of concept study for BD. 9 We sought to verify and extend our previous findings on interobserver agreement, to investigate how BD relates to other common prognostic features and to determine whether it has independent prognostic value. Finally, we investigated how BD could be used with AJCC staging.
METHODS

Patients
Tissues were identified from melanomas diagnosed at the University Hospitals of Leicester. Eligibility criteria were: primary cutaneous melanoma tissue, diagnosis 2004 to 2011, invasive disease and resident in Leicestershire. The flow of patients through the study is shown in Figure  S1 (Supplemental Digital Content 1, http://links.lww.com/ PAS/A590). Samples were assessed sequentially by pathology accession number, thus representing an unbiased retrospective cohort. For patients with multiple primary melanomas, the highest stage melanoma was included or, if they were the same stage, the first diagnosed. From a starting population of 1104, a total of 134 (12%) Leicester cases were excluded to yield 970 cases. Excluded cases are shown in Table S1 
BD Scoring
BD scoring was performed using formalin-fixed paraffin-embedded slides from the histopathology archives. The original sections used for diagnosis were scored as described. 9 The BD was obtained by estimating the proportion of dermis that was occupied by invasive melanoma cells, and expressed as a percentage to the nearest 5% except at the extremes, that is <5% or > 95%, where the estimate could be to the nearest 1%. A description of BD window construction is provided in Figure 1 and further guidance on BD scoring is provided in Figure S2 (Supplemental Digital Content 1, http://links. lww.com/PAS/A590 and Table S2 , Supplemental Digital Content 1, http://links.lww.com/PAS/A590) along with photomicrographs of melanomas from the study and their associated BD scores in Figure S3 (Supplemental Digital Content 1, http://links.lww.com/PAS/A590). Punch or incisional biopsies of melanoma that did not encompass the entire lesion could provide a biased BD. To minimize this, if the deepest melanoma cell was on the punch/incisional biopsy rather than the reexcision, and the tissue specimen was more than a ×10 lens wide, BD was scored as normal. If the deepest melanoma cell was found on a reexcision of such a biopsy, the scorer identified both the deepest cell and the scar corresponding to previous biopsy. If the deepest cell lay more than a ×10 lens from the scar, BD was scored as normal because the previous sample would not affect the BD. If the deepest melanoma cell and scar both fell within a single ×10 field, both biopsy and excision specimens were reviewed together to make a best interpretation of the maximal amount of dermal cells within ×10 field width containing the deepest melanoma cell. A similar approach was adopted in the event that the deepest melanoma cell was found very close to the edge of a punch biopsy. Eleven cases were excluded because of BD could not be measured because the above criteria could not be met (see Fig. S1 , Supplemental Digital Content 1, http:// links.lww.com/PAS/A590). Where image analysis was performed, slides were scanned with a Hamamatsu Nanozoomer, model C12000-02. Images were annotated with the NDP.view2, version 2.6.13 software. The appropriate dermal area and the outline of each invasive tumor island were drawn manually. The areas of each annotation were exported to a spreadsheet and BD was calculated as the tumor area divided by dermal area ×100.
Statistical Analysis
Statistical analysis was performed in R version 3.3.1 10 and RStudio version 0.99. 11 P-value <0.05 was considered significant. Analyses were 2-tailed using χ 2 -test with continuity correction or 1-way analysis of variance. A KruskalWallis test was used for non-normal variables. Intraclass correlation coefficient (ICC) and kappa coefficients were calculated for multiple raters 12 using the "irr" package 13 in R. FIGURE 1. Illustration of the BD window. The BD was the estimated percentage of available dermis within a specified window (brown lines) occupied by invasive melanoma cells (blue circles). The window was an imagined crude rectangle, approximate width 2 mm and height extending to the deepest invasive melanoma cell (yellow circle). The window was adjusted laterally to maximize the BD, with the proviso that the window always had to contain the deepest melanoma cell. The top of the window followed the base of the epidermis, passing beneath junctional nests. The bottom of the window replicated any major surface undulations as illustrated, but minor undulations were ignored. Major structures traversing the dermis such as hair follicles (illustrated) were not considered to be part of the available dermis. On many microscopes, the ×10 objective is ∼2 mm in diameter and this was helpful for defining the lateral edges of the window. Once the window was mentally constructed, the BD was then estimated to the nearest 5%, except below 5% and above 95%, where nearest 1% was used.
For survival analysis, we assessed overall survival (OS), MSS (the primary outcome) and metastasis-free survival (MFS). For OS, an event was death with censoring if the patient was alive. For MSS, an event was death from melanoma with censoring if the patient died of another cause or was alive. For MFS, an event was first occurrence of clinical metastasis to a regional or distant site with censoring if the patient was metastasis-free or died before metastasis. Analysis was performed with R "survival" 14 and "survminer" packages 15 using Kaplan-Meier plots and Cox proportional hazards (CPH) regression. The proportionality assumption was checked by examining plots of scaled Schoenfeld residuals against transformed time and a goodness-of-fit test. Proportionality was not violated.
Statistical Prediction Modeling Strategy
To investigate the value of BD as a novel upstaging feature, we used a split sample approach to discover and then validate a BD cut point for identifying high-risk melanoma. MSS was the response variable. To investigate the use of BD as an adjunct to AJCC version 8 (AJCC8) staging, we focused on (i) model specification and (ii) model coefficient estimation. Model specification entailed the determination of optimal model predictors, with MSS as the response variable. Given that we were investigating a staging adjunct, AJCC stage was necessarily one of the predictors. We therefore focused on determining how to best enter BD into the prediction model. It is common to assess variable transformations (eg, logarithmic, quadratic), including the possibility of entering BD as part of a composite variable. 16 The most logical composite variable, and one we have investigated previously, was a combination of BD with BT. 9 This combination was considered reasonable because 2 cases with the same BT may each have a different BD, while 2 cases with the same BD could have a different BT, and so a composite value might be the best way to capture this information. The composite variable was calculated as BT×BD/100. The division by 100 was merely to shrink the BD scale from 1-99 to 0.01-0.99, so that its values were closer in magnitude to typical BT values. We called this composite variable the targeted burden score (TBS) and transformations of this were also investigated. We used a split sample design to validate the optimal model specification using a previously described general approach. 17, 18 For model coefficient estimation, evidence from simulation studies suggest that a bootstrap approach is the optimal way to correct for model overfitting/optimism and is better than split sample validation. 19 We used a described bootstrap approach 20 using the rms package to perform the analysis. 21 We fitted a model using combined training and validation patients, n = 1329 (Sample_0), and determined the CPH model coefficients (Model_0). To determine how optimistic/overfitted Model_0's coefficients were, a bootstrap sample (Sample_1) of size 1329 was drawn from Sample_0 and a new CPH model (Model_1) was fitted to Sample_1. Sample_0 was then used as a test set for Model_1 and the test set calibration slope was calculated. This was performed for a total of 100 bootstrap samples to get a stable estimate of the test set calibration slope. We used the average test set calibration slope as a shrinkage factor for the Model_0 coefficients.
Model comparison was performed using the Akaike information criterion (AIC). The model with the lowest AIC, designated AIC min , is deemed the best and it can then be compared the jth model, designated AIC j , by calculating an evidence ratio from the formula, exp((AIC min −AIC j )/2). The resulting value amounts to how many times stronger the evidence is for AIC min relative to the jth model. 22 This study adhered to REMARK guidelines. 23 A REMARK checklist is given in Table S3 (Supplemental Digital Content 1, http://links.lww.com/PAS/A590).
RESULTS
BD Shows Strong Interobserver Agreement
BD is a new biomarker, so evidence of accuracy and precision is fundamental to its adoption into clinical practice. For accuracy, we compared BD scores against a gold standard, image analysis. In 12 cases, the ICC was 0.84, indicating excellent accuracy. For precision, we extended our previous investigation of interobserver agreement 9 using 24 cases with 3 observers having variable experience ( Fig. 2A) , demonstrating excellent agreement, ICC 0.93. For BD scoring to be generalized, raters should be able to score with only written instructions. A fourth rater, not involved in the study to this point, measured BD in the same 24 cases using printed instructions (subsequently used to create 
Patient Characteristics
The characteristics of the 970 training patients are shown Table 1 . The median BT was 0.9 mm. Microscopic satellites were identified in 1.8% of cases and 17% of cases showed ulceration. The BD ranged from 2% to 99% and had a bimodal distribution, and a median BD of 60% and interquartile range of 15% to 85%. 
BD has Independent Prognostic Value
The median follow-up time for the training patients was 71 months. BD was classified into low, mid, and high categories based on tertiles ( ≤ 25%, 30% to 75%, and ≥ 80%), with 315, 317, and 338 in the low, mid, and high tertiles. Using Kaplan-Meier analysis, BD had a significant effect on outcome. For OS, 5-year survival in descending tertiles was 0.93, 0.84, and 0.67; for MSS, 0.98, 0.94, and 0.80; and for MFS, 0.96, 0.87, and 0.67. The curves were significantly different, P < 0.001 for each of OS, MSS, and MFS (Figs. 2B-D) .
To account for confounding, a CPH regression model was fitted to the data to enable adjusted hazard ratios to be calculated. The BD hazard ratio was adjusted for 7 recognized and validated prognostic factors, 24 and results are shown in Table 2 , where BD was entered as an integer variable. BD showed highly significant adjusted hazard ratios for each outcome. Table 2 shows the hazard ratio for a 1-percentage point change in BD, but for a more meaningful 10-percentage point change the hazard ratio would be 1.11 for OS and 1.22 for both MSS and MFS. Other well-recognized prognostic factors also had significant adjusted hazard ratios, but only BD, BT, ulceration, and mitotic count remained significant in multivariable analysis for each of the 3 outcomes.
Proof of Concept, Using AJCC8, that BD has Potential for Incorporation Into Future Staging Versions
To understand how to use BT and BD together, we assessed how each explained the primary outcome measure, MSS. Three CPH models were created, a full model with BD and BT, a BD-only model and a BT-only model. The AIC for each was 1270.6, 1306.1, and 1318.0, respectively, indicating that the full model was the best and the BT-only model was weakest. The evidence for the full model was 4.96×10 7 times stronger than the BD-only model and 1.90×10 10 times stronger than the BT-only model. Thus, a model containing both BD and BT is substantially better than either alone. The summaries of the crude models for BT and BD were shown in Table 2 and the BT plus BD model is shown in supplementary Table S4 (Supplemental Digital Content 1, http://links.lww.com/PAS/A590).
These findings prompted us to evaluate how BT and BD could be used together while maintaining the general principles of TNM staging. To accomplish this, we tested whether BD could be an additional way to revise T stage from "a" to "b" in the new AJCC8 staging system. First, we investigated the optimal cut point for stratification by setting up a series of CPH regression models, each containing BD and T stage with MSS as the outcome. In each FIGURE 2. BD precision and effect on survival. A, Interobserver agreement for BD, where each numbered box is a separate melanoma case and rater 1 is a senior trainee with no specialist dermatopathology training, rater 2 is a dermatopathologist with extensive experience of reporting melanoma cases and rater 3 is a trained medical student. B-D, Kaplan-Meier plots for BD tertiles showing OS, MSS and MFS.
model, BD was entered with a different cut point, from 20% to 80% in 5% increments. The one with the best adjusted hazard ratio was selected, which was BD ≥ 65%, with an adjusted hazard ratio of 2.03, 95% confidence interval 1.04-3.94, P = 0.037. We approximated this finding into a simple clinical rule so that a pathologist could readily apply it in daily practice. Specifically, if BD was two thirds or more then the melanoma should be regarded as high risk. This cut point was validated in 359 independent cases, with median BT 1.1 mm, interquartile range 0.6 to 2.1 mm. Mitotic counts were provided as absent, present or brisk, with 129 (36%), 192 (53%), and 38 (11%) cases per group, respectively. There were 61 (17%) cases with ulceration and 9 (3%) with microsatellites. For AJCC8, 172 (48%) were IA, 79 (22%) IB, 50 (14%) IIA, 26 (7%) IIB, 23 (6%) IIC, and 9 (3%) were stage III. These features were comparable to the training ones, meaning these cases were appropriate for validation. The median follow-up was 142 months. The adjusted hazard ratio was 3.11, 95% confidence interval 1.34-7.24, P = 0.008, thus validating the BD cut point. These data are in Figure 3A . We merged the training and validation cases for a final dataset of 1329 to get a precise estimate of the BD cut point's adjusted hazard ratio, which was 2.44, 95% confidence interval 1.46-4.07, P < 0.001.
We next assessed whether the two thirds or more BD cut point might be used to upstage AJCC8 from "a" to "b." We partitioned the melanomas into those comprising T1a, T2a, T3a, and T4a and those comprising T1b, T2b, T3b, and T4b. Among the "a" group, the two thirds cut point was used to categorize them into low and high risk. This is shown graphically in Figure 3B . Our premise was that the "a" high-risk Kaplan-Meier survival curve should diverge from the "a" low-risk curve and approach the "b" curve. The curves for individual T stages are shown in Figures 3C to F. In Figure 3G , each T stage group was merged into composite curves for T1-4a low risk, T1-4a high risk, and T1-4b groups.
For T1, 60 of 530 (12%) were upstaged by BD; for T2, 172 of 256 (67%); for T3, 85 of 109 (78%); and for T4, 37 of 45 (82%). Overall, this amounted to 354 of 940 (27%) patients with melanoma being upstaged by BD, with an increasing proportion as T stage increased. The T1a high-risk curve sits above both of the other curves but there are very few events to render the plot meaningful. However, this finding suggests that BD may not be of value for T1 melanoma upstaging. The T2a high-risk curve sits directly on top of the T2b curve up to the 10-year time point. The T3a high-risk curve is similar to the T3b curve as far as the 2-year time point. The T4a high-risk curve closely follows the T4b curve to approximately the 3-year time point. Finally, the T1-4a composite high-risk curve is closer to the T1-4b curve than the T1-4 low-risk curve. Direct comparison of the T1-4a low-risk and high-risk curves revealed a statistically significantly difference (P < 0.0001). However, the T1-4a high risk and the T1-4b composite curves were also significantly different (P = 0.024), suggesting that the risk of MSS differs for all 3 curves. Overall, these data show that BD has potential for AJCC upstaging from "a" to "b" and emphasizes that a combination of absent ulcer and low BD indicates a relatively low-risk subset of melanoma cases, that is the T1-4a lowrisk group.
BD Can be Used as an Adjunct for AJCC8 Stage
As an alternative to integration into staging, we looked whether BD could be an adjunct for AJCC8. We previously explored the concept of a TBS, entailing the use of BD as a correction factor for BT. 9 We used the training cases to find the best specification of a multivariable CPH model with MSS as the outcome. Preliminary exploration of BD and TBS (which was defined as BT×BD/100) in a Cox model showed that a combination of AJCC8 and the natural log of TBS (lnTBS) provided the optimal model fit based on AIC values (Table S5 , Supplemental Digital Content 1, http:// links.lww.com/PAS/A590). Using this model, AJCC8 was training cases, and without refitting it to new validation cases. The linear predictor from the training model was applied to each validation case, yielding a prognostic index (PI). To test discrimination, we cut the PI into quantiles to create Kaplan-Meier plots. Exploratory analysis revealed that the lower 6 deciles had overlapping curves, in keeping with the fact that melanomas in this study contained a large proportion of low stage, thin cases. Therefore, to best demonstrate discrimination we plotted curves using quantile cut points of 0.6, 0.75, and 0.9, representing risk groups 1 to 4, respectively. The Kaplan-Meier plots showed that the training and validation cases had broadly similar curve characteristics (Figs. 4A, B) , although groups 1 and 2 curves were closer together for validation cases. However, all 4 curves still remained separate, demonstrating evidence of discrimination in the validation cases. To check calibration, the Kaplan-Meier curves of the validation cases, representing observed failure rates (Fig. 4B) , were compared with the curves generated by the CPH model (Fig. 4C) , representing expected failure rates. This revealed slight miscalibration, most notably with steeper predicted curves for PI groups 2 and 4. Other measures of validation are shown in Figure 4D . The Gonen and Heller K statistic shows that model fit was retained between training and validation sets. Harrell c index showed slight loss of discrimination. This was reflected by the smaller hazard ratios for PI groups 2 to 4 in the validation cases. Regression on the PI in training cases shows a calibration slope of 1.0 by design, since the PI was developed using these. Perfect calibration in any validation set would be represented by a calibration slope of 1, and the slope in the validation cases was 0.88 (SE, 0.12). Importantly, this was not significantly different from the ideal slope of 1.0 (P = 0.50), but it does suggest slight overfitting during model training. This is particularly evident for high-risk melanomas, where observed failure rates were fewer than predicted (see PI group 4 curves in Figs. 4B, C) . Taking all of these analyses together, the trained model showed overall satisfactory validation. We therefore deemed it appropriate to merge the training and validation cases so that that the larger combined dataset could be used to derive a final dataset of 1329 to produce a CPH model with the best estimate of its coefficients. This final model could suffer from overfitting, so we used a bootstrap approach to assess this. The bootstrap analysis suggested that shrinkage of the coefficients by 2.1% would be required to compensate for overfitting and hence allow for better external validation in future studies. The resultant hazard ratios are shown in Table 3 . The final fitted model, with shrunk coefficients, was used to generate Kaplan-Meier plot in Figure 4E for risk groups 1 to 4 with cut points as above of 0.6, 0.75, and 0.9. This plot is annotated with 5-and 10-year survival for each risk group and the spread of AJCC8 stages across each PI group is shown in Figure 4F , demonstrating that individual AJCC8 stages are dispersed across risk groups, apart from stage IA. To facilitate tailoring of care, we finally generated a nomogram to predict outcome for individual patients (Fig. 4G) . This also can be used to allocate a patient to 1 of the risk groups in Figure 4E .
DISCUSSION
We show that BD measurement is both accurate and precise and it retains independent prognostic value even when adjusted for well-recognized prognostic covariables. BD explains MSS better than BT alone, but BT and BD are best used together and we explored 2 ways to achieve this. First, we showed that BD could be a novel way to upstage T stage from "a" to "b." Second, we showed that BD and BT can be combined into a score and this score can be used as an adjunct to AJCC8.
A key aspect of BD is its practicality, because it can be measured in seconds using the same H&E stain used for diagnosis and its only cost is the extrapathologist time, which per case is negligible. Many other prognostic biomarkers have been investigated, including molecular ones such as DecisionDx. 25 However, molecular biomarkers typically require specialist techniques and sufficient, surplus tissue. They also have greater financial cost.
The idea of BD was conceived by us, so the only prior study was our own proof of concept investigation. 9 BD and BT likely hold prognostic value because each is a surrogate for invasive tumor burden. BT is a 1-dimensional quantitative measurement, while BD is 2-dimensional semiquantitative measurement that compliments BT. The idea of density bears similarity to Clark concept of growth phase, 26 in that confluent nodules of tumor cells equate to vertical growth phase and metastatic potential, and one could also speculate BD might correlate with the degree of paracrine signaling, which is likely to be important for melanoma growth, invasion, and metastasis. 27 Thus, BD's prognostic value may relate to both invasive tumor burden and intercellular cross-talk. Aside from BD, few studies investigating invasive burden have been performed for melanoma 28, 29 and these have generally been small and some lacked correlation with outcome. 30 BD is a semiquantitative and subjective. Nevertheless, we demonstrate its accuracy and precision, regardless of rater experience, and that precision is achievable even with written instruction alone. In future, it is possible that image analysis could become the routine way of assessing BD. However, we believe that the requirement for imaging could provide a barrier to the widespread adoption of BD scoring across pathology departments, and that the very simplicity of the scoring system that we describe is what makes it attractive for translation.
The size of this study allowed us to ensure that the two thirds or more cut point for T stage upstaging could be validated in new cases. In future, it will be important to address whether our discovered cut point is actually applicable to individual T stages. However, it will not be possible to integrate BD directly into AJCC8 in future because the staging system criteria are already established. This study therefore serves only as proof of concept for the idea of incorporating BD into future staging systems beyond AJCC8. As an alternative we looked at ways of using BD as a staging adjunct. Exploratory analysis identified a combination of BT and BD, which we called the TBS, as the best adjunct for AJCC8. This makes sense if one considers how the BD is measured, namely the BD measurement window is always the same width but its depth varies because it is the same as the BT. Thus, 2 melanomas with a BD of 50% will not have comparable tumor cell numbers in the BD window if 1 has a BT of 1.0 mm and the other 4.0 mm. The TBS, which multiplies BD and BT, mitigates this problem and acts as a crude approximation to tumor burden in the BD measurement window. The PI that was derived from the TBS and AJCC8 could be stratified into 4 risk groups that refined the prognostic value of AJCC8 stage. For example, melanomas in PI risk group 1 had 5-year MSS of 98% and included patients with AJCC8 stage IA, IB, and IIA. This group could potentially have less frequent follow-up and/ or be spared sentinel node biopsy, while simultaneously ensuring that only high-risk patients actually have this procedure. In contrast, prognostic group 4 are high-risk cases with 5-year MSS of 56%, and so these could be candidates for adjuvant treatment. Thus, the combination of TBS and stage has potential for creating personalized follow-up and treatment plans.
In summary, we show that BD is a novel histomorphologic prognostic feature with potential clinical value. Further studies will be needed for true external validation in other centers. Such studies would be made more feasible if BD was to be routinely reported by histopathologists, which would be likely to occur if it was adopted as a standard part of the pathology report, for example, if BD were recommended by the College of American Pathologists (in the United States) and Royal College of Pathologists (in the United Kingdom) as a feature in their pathology report guidelines. 
